Several groups of marine fishes and squids form mutualistic bioluminescent symbioses with luminous bacteria. The dependence of the animal on its symbiont for light production, the animal's specialized anatomical adaptations for harboring bacteria and controlling light emission, and the host family bacterial species specificity characteristic of these associations suggest that bioluminescent symbioses are tightly coupled associations that might involve coevolutionary interactions. Consistent with this possibility, evidence of parallel cladogenesis has been reported for squid-bacterial associations. However, genetic adaptations in the bacteria necessary for and specific to symbiosis have not been identified, and unlike obligate endosymbiotic associations in which the bacteria are transferred vertically, bacterially bioluminescent hosts acquire their light-organ symbionts from the environment with each new host generation. These contrasting observations led us to test the hypotheses of species specificity and codivergence in bioluminescent symbioses, using an extensive sampling of naturally formed associations. Thirty-five species of fish in seven teleost families (Chlorophthalmidae, Macrouridae, Moridae, Trachichthyidae, Monocentridae, Acropomatidae, Leiognathidae) and their light-organ bacteria were examined. Phylogenetic analysis of a taxonomically broad sampling of associations was based on mitochondrial 16S rRNA and cytochrome oxidase I gene sequences for the fish and on recA, gyrB and luxA sequences for bacteria isolated from the light organs of these specimens. In a fine-scale test focused on Leiognathidae, phylogenetic analysis was based also on histone H3 subunit and 28S rRNA gene sequences for the fish and on gyrB, luxA, luxB, luxF and luxE sequences for the bacteria. Deep divergences were revealed among the fishes, and clear resolution was obtained between clades of the bacteria. In several associations, bacterial species identities contradicted strict host family bacterial species specificity. Furthermore, the fish and bacterial phylogenies exhibited no meaningful topological congruence; evolutionary divergence of host fishes was not matched by a similar pattern of diversification in the symbiotic bacteria. Re-analysis of data reported for squids and their luminous bacteria also revealed no convincing evidence of codivergence. These results refute the hypothesis of strict host family bacterial species specificity and the hypothesis of codivergence in bioluminescent symbioses.
. In turn, the bacteria use nutrients obtained from the host to reproduce (e.g., Nealson, 1979; Graf and Ruby, 1998) and are disseminated from the animal's light organ into the environment Nealson et al., 1984; Ruby and Asato, 1993) .
Along with the animal's ecological dependence on bacterial light and its specialized anatomical adaptations for harboring bacteria and controlling light emission, several other features of bioluminescent symbioses suggest they are tightly coupled associations that might involve coevolutionary interactions Saffo, 2002) . One such feature is their apparent specificity. Members of a given family of bacterially luminous fishes or squids are thought to consistently harbor the same species of luminous bacteria in their light organs (Reichelt et al., 1977; Ruby and Morin, 1978; Hastings and Nealson, 1981; Dunlap and KitaTsukamoto, 2006; Dunlap and Ast, 2005) . This ''host family bacterial species specificity'' is believed to result from the host animal selecting its species of symbiotic bacteria and doing so with sufficient specificity that other kinds of bacteria are prevented from colonizing its light organ (Reichelt et al., 1977) . Colonization efficiency of the ''native'' (i.e., specific) symbiont over other bacteria in experimental colonization studies (e.g., McFall-Ngai and Ruby, 1991; Fidopiastis et al., 1998) supports the concepts of species specificity and host selection, which presumably would have a genetic basis. A strict symbiont-host specificity, resulting from genetically based host selection of the symbiont, presumably could provide opportunities for coevolutionary events, although such reciprocal heritable changes (Page and Charleston, 1998) may be difficult to identify. Hostsymbiont codivergence (i.e., cospeciation; Page and Charleston, 1998) , a possible consequence of coevolution, however, may be easier to detect. Indeed, data indicating host-symbiont ''parallel evolution'' for the luminous bacterium Vibrio fischeri colonizing light organs of sepiolid squids have been reported (Nishiguchi et al., 1998) . These data have been interpreted as evidence of coevolution in bioluminescent symbioses (Thompson, 2005) , although genetic adaptations in the bacteria necessary for and specific to light-organ symbiosis have not been identified.
In contrast to this view, other features of bioluminescent symbioses distinguish this class of symbiosis in fundamental ways from bacterial-animal endosymbioses. Endosymbioses are mutually obligate associations in which the intracellular symbiotic bacteria are maternally transferred and are generally assumed to involve coevolutionary interactions (e.g., Cary and Giovanonni, 1993; Baumann et al., 1995; Peek et al., 1998; Lo et al., 2003; Hosokawa et al., 2006) . One major difference with endosymbioses is that in most bioluminescent associations, the luminous bacteria, which are extracellular, are not obligately dependent on the host for their reproduction; they colonize a variety of other marine habitats, including intestinal tracts, skin and body fluids of marine animals, sediment, and seawater, where they coexist and successfully compete with many other kinds of bacteria as members of commensal, saprophytic, pathogenic, and free-living bacterial communities. A second major difference is that light-organ symbiotic bacteria are acquired from the environment with each new generation of the host (Wei and Young, 1989; McFall-Ngai and Ruby, 1991; Wada et al., 1999) ; that is, they are acquired horizontally instead of being transferred vertically through the maternal inheritance mechanisms seen for obligate bacterial endosymbionts of terrestrial and marine invertebrates (e.g., Cary and Giovanonni, 1993; Baumann et al., 1995; Peek et al., 1998; Hosokawa et al., 2006) . Furthermore, the substantial genomic diversity among strains of luminous bacteria populating individual light organs indicates that colonization of fish light organs is effected by multiple, genetically distinct strains, not by a single, specific strain type Dunlap and Ast, 2005) . A related difference is that the strict hostsymbiont specificity expected for associations undergoing coevolutionary change may not consistently characterize light-organ symbioses; certain squids and fishes harbor two species of bacteria in their light organs (Fidopiastis et al., 1998; Nishiguchi, 2000; Kaeding et al., 2007) . Because the bacteria are facultative, apparently opportunistic symbionts, selection for symbiosis-specific genetic changes in the bacteria seem less likely than they would be for obligate, maternally transferred endosymbionts.
These different views led us to examine the issues of specificity and codivergence in bioluminescent symbioses. Our goals were to define the fidelity of host family bacterial species specificity in naturally occurring associations and test the extent of host-symbiont codivergence. For this work, we carried out an extensive sampling of bioluminescent associations, isolated and identified the light-organ bacteria specific to each host using phylogenetic criteria, and tested for host-symbiont phylogenetic congruence. We also reanalyzed data and results for bacteria symbiotic with sepiolid squids, using parsimony and cophylogeny mapping.
Materials and methods

Collection of fish specimens
Fishes were collected from coastal and bentho-pelagic waters in various locations in Japan, Okinawa, Taiwan, and the Philippines ( Fig. 1 ; Table 1 ). Collection efforts focused on local and regional fish markets where a variety of shallow-and deep-dwelling fishes are landed.
Fish specimens were kept chilled until excision of flank muscle tissue and removal of the light organ, generally within 1-2 h from the time of collection. Fishes were identified to species by reference to Nakabo (2002) , Kimura et al. (2003) and Sparks et al. (2005) . Ichthyological nomenclature follows Nelson (2006) , Shimizu (1997) and Sparks et al. (2005) . Fish specimen designations follow Dunlap et al. (2004) .
Samples for mitochondrial DNA extraction were flank muscle tissue, which was excised free of skin and stored in 90% ethanol at )20°C. DNA was extracted from small chunks of the tissue using the Qiagen QIAquick Tissue Extraction Kit (Qiagen Corp., Valencia, CA), according to the manufacturer's protocol.
Isolation of bacterial strains
Bacteria were isolated from the light organs of fishes essentially as previously described (Dunlap, 1985; Ast and Dunlap, 2005; Dunlap and Ast, 2005) . The light organ was aseptically dissected from the fish and homogenized in 0.5 mL or 1.0 mL of sterile artificial 70% seawater containing 25 mm HEPES buffer (pH 7.25) (BSW-70) in a sterile hand-held Ten Broeck tissue grinder. The light organ homogenate was then serially diluted in BSW-70, and portions of one or more of the end dilutions were spread on plates of LSW-70 agar, which contained per liter 10 g tryptone, 5 g yeast extract, 350 mL double-strength artificial seawater (Nealson, 1978) , 650 mL de-ionized water, and 15 g agar. Dilutions of light-organ homogenates, generally to 10 )5 , and plating volumes, generally 25-100 lL, were based on a typical light-organ population size of approximately 10 8 cells (Dunlap, 1984) . Plates were incubated for 18-24 h at room temperature (typically 18-27°C, depending on season, location and availability of air conditioning). This plating procedure typically gave rise to approximately 50-300 well-isolated luminous colonies per plate. Non-luminous colonies were not observed. Single colonies (i.e., individual strains) were then picked at random from the plates, stabbed into individual vials containing LSW-70 agar, returned to the home laboratory, purified on LSW-70 agar plates, grown overnight with shaking in LSW-70 broth, and stored as frozen, viable cultures at )75°C in cryoprotective medium (Dunlap and Kita-Tsukamoto, 2006) . Bacterial strain designations report the host fish species and specimen number of this laboratory ; e.g., chubb.1.2 designates strain number 2 from specimen number 1 of Caelorinchus hubbsi. Genomic DNA was purified from 1-mL cultures of strains grown overnight in LSW-70 broth using the Qiagen DNeasy tissue extraction kit and following the manufacturers protocol for gram-negative bacteria.
Phylogenetic analysis
For a broad-scale analysis of fishes that bear light organs, sequences of two mitochondrial genes, the 16S ribosomal RNA (16S) gene and the cytochrome oxidase subunit I (COI) gene, were used from 22 species. Sequences for the outgroup, Cyprinus carpio, were obtained from GenBank. For a fine-scale analysis, restricted to leiognathids, the 16S and COI genes, together with sequences of the nuclear genes for histone H3 subunit (H3) and the 28S rRNA (28S) (Sparks et al., 2005) , were used (see Appendix A for GenBank accession numbers). Because the 16S and the 28S genes vary in length, all fish sequence data were analyzed by direct optimization as implemented in OY (POY without parallel options) (Wheeler et al., 2003) . In both analyses, each gene was placed in its own fragment so that only homologous sequences were compared. A total of 20 OY replicates for each fish phylogeny included randomizing outgroup and taxon order input (-randomizeoutgroup -nooneasis), retaining a maximum of two trees per initial build (-buildmaxtrees 2), all changes set to a cost of 1 (-change 1 -gap 1 -extensiongap 1), and two iterations of ratcheting with 30% data perturbation Kaeding et al. (2007) saving one tree per iteration (-ratchettbr 2 -rachettrees 1 -ratchetpercent 30). Suboptimal trees were evaluated during each iteration and in the final refinement using slop commands (-slop 5 -checkslop 10). For both analyses, the fish data were also aligned by eye (rRNA genes) or inferred amino acid sequences (protein coding genes) and analyzed with parsimony using 1000 heuristic replicates with TBR in TNT (Goloboff et al., 2005) ; in these cases, gaps were treated as missing, and putative loop regions in the rRNA genes were excluded from the analysis. To put fishes bearing bacterial light organs in a phylogenetic context, a matrix of the COI gene was constructed that added non-luminous fishes and analyzed the data with static alignment in TNT. All jackknife values were calculated in TNT using either the implied alignment output from OY, or the handaligned data sets, with 10 000 replicates and a 34% independent probability of deletion. Phylogenies of the symbionts were reconstructed using the genes for DNA gyrase subunit B (gyrB), recombinase subunit A (recA), and luciferase a-subunit (luxA) in the broad-scale analysis set; because length differences among strains for each of these genes are minimal or non-existent, parsimony analysis of static alignments was used instead of direct optimization, and gaps were treated as informative. Sequences for the outgroup, Vibrio harveyi ATCC 14126 T , were obtained in this laboratory. For the second analysis, restricted to the symbionts of leiognathid fishes, gyrB and luxA, together with the genes for luciferase subunit B (luxB), non-fluorescent flavoprotein (luxF), and a small portion of the gene for acyl-protein synthetase (luxE) were used for analysis of the leiognathid symbionts. Bacterial genes were aligned by inferred amino acid residue sequence and analyzed using a branch-and-bound search implemented in PAUP* portable version (Swofford, 2002) , and jackknife percentages were calculated using 10 000 replicates in TNT (see above). To test whether hypotheses consistent with codivergence of host and symbiont were only slightly less parsimonious, the extra steps needed to constrain symbiont trees to match host trees were calculated by directly manipulating symbiont trees in MacClade (Maddison and Maddison, 2005) .
For primers and polymerase chain reaction amplification profiles for fish and bacterial genes, see Dunlap (2004, 2005) and Sparks et al. (2005) . Polymerase chain reaction products were sequenced by staff of the University of Michigan Sequencing Core using the respective amplification primers and dye terminator cycle sequencing on a Perkin-Elmer ABI 3730 DNA Analyzer (Perkin-Elmer Corp., Waltham, MA).
Cophylogeny analysis and re-analysis of Vibrio fischeri sequence data
To test for host-symbiont codivergence in associations between sepiolid squids and Vibrio fischeri (Nishiguchi et al., 1998), we used the reconciled trees method, as implemented by cophylogeny mapping in TreeMap (Charleston and Page, 2002) . This method assumes that host and associate trees will be congruent, because the two organisms share a common history. Where the two trees are not congruent, the method hypothesizes evolutionary events (i.e., associate duplication independent of host cladogenesis, associate loss from a host lineage, and associate switching from one host to another) necessary to make the associate tree congruent with that of the host. Because there are no objective criteria for weighting one kind of event more or less heavily than any other, settings for creating cophylogenies (''jungles'', Charleston, 1998) included all noncodivergent (duplication, loss and host switch) event costs set to 1; these settings also have the advantage of making the total cost equivalent to a tally of noncodivergent events. The significance of each jungle was tested by comparing the jungle with 1000 randomized associate trees, where the null hypothesis is that the codivergences in the jungle are no more than would be observed between the host tree and a random associate tree. The P-value of a jungle is the percentage of times that random trees were recovered within the number of codivergences observed in that particular jungle. A high P-value indicates that random trees often recovered an equal or greater number of codivergences and therefore that the observed jungle is less significant; a low P-value indicates that random trees rarely recovered as many codivergences and therefore the observed jungle is more significant.
We also reanalyzed sequence data for V. fischeri strains (Nishiguchi et al., 1998) , using the most recently updated versions of these data (AF034845-AF034851; Nishiguchi et al., 1998) downloaded from GenBank. This re-analysis identified a discrepancy in the genes used by Nishiguchi et al. (1998) in reconstructing the original symbiont tree. Sequence of the putative ''gapA'' gene for the outgroup Photobacterium leiognathi strain LN101 (AF034849; Nishiguchi et al., 1998) was difficult to align to the sequences of the six reported V. fischeri strains. BLAST analysis of the gapA gene sequence of P. leiognathi strain LN101 showed homology with gapA sequences of various species of Vibrio. The ''gapA'' sequences from the V. fischeri strains, however, matched most closely to the erythrose-4-phosphate dehydrogenase gene (epd) of other Vibrio species. Therefore, it appears that the sequence of the ''gapA'' genes reported for V. fischeri (Nishiguchi et al., 1998; Nishiguchi and Nair, 2003) are actually sequences of the epd gene, while the gapA sequence reported for Photobacterium leiognathi strain LN101 (Nishiguchi et al., 1998; Nishiguchi and Nair, 2003 ) is gapA. The two genes (epd and gapA) have some amino acid and functional identities and are thought to be the products of an ancient duplication event (e.g., Boschi-Muller et al., 1997; Bardey et al., 2005) . It is possible that gapA primers used in the earlier study (Nishiguchi et al., 1998) misprimed the epd gene. Regardless, the reported outgroup sequence (gapA) was paralogous to the ingroup sequences (epd). Therefore, to test whether codivergence might be evident with use of the proper outgroup gene, we reanalyzed the original sequence data and used the epd gene sequence of V. logei (AY292956; Nishiguchi and Nair, 2003) , a close relative of V. fischeri, as outgroup. Sequences of the epd genes of the seven bacterial strains were aligned by inferred amino acid sequence and analyzed with an exhaustive search in PAUP*. Jackknife resampling values were calculated using 1000 branch-and-bound searches. The resulting symbiont tree was compared using TreeMap with host trees presented in Nishiguchi et al. (1998 Nishiguchi et al. ( , 2004 .
Results
Sampling bioluminescent symbioses
Specimens of 35 species of bacterially luminous fishes were collected at various locations in Japan, Okinawa, Taiwan, and the Philippine Islands ( Fig. 1 ; Table 1) , and strains of symbiotic bacteria from the light organs of these fishes were isolated (Materials and methods). Several of these fishes previously had not been analyzed phylogenetically, and for many of them the identities of their light-organ symbiotic bacteria previously had not been reported. This extensive collection effort provided material for a taxonomically broad-scale phylogenetic analysis, involving 22 host species in seven families of four teleost orders (Nakabo, 2002; Nelson, 2006) , and for a fine-scale analysis focused on a single family, Leiognathidae, for which 16 species were examined. Furthermore, bacterial strains isolated from light organs of several additional fishes, or genomic DNA of those strains, for which the fish specimen was not available, were identified phylogenetically and included in this study to test more fully the fish family bacterial species specificity (Tables 1 and 2) .
Broad-scale analysis
Direct optimization analysis of the taxonomically broad sampling of fishes, based on sequences of the 16S rRNA and COI genes, resulted in a single shortest hypothesis of relationships (Fig. 2) . The relationships resolved for the fishes were generally consistent with both morphology-based taxonomy (Nelson, 2006) and recent molecular analyses (Miya et al., 2001 (Miya et al., , 2003 . The only discrepancy is an inconsistency in the placement of acropomatids (Perciformes) as sister to beryciforms; difficulties resolving relationships between perciforms and beryciforms have been encountered previously (e.g., Miya et al., 2001) . We note at a technical level that the implied alignment of sequence data from direct optimization analysis of the fishes (Fig. 2) hypothesized that several insertion-deletion events had occurred in the examined genes. Specifically, where the original lengths of mitochondrial 16S rRNA gene fragments ranged from 569 bp (Gadella jordani) to 586 bp (Chlorophthalmus albatrossis), the implied alignment resulting from direct optimization was 659 bp. In this analysis, the mitochondrial COI fragments were 658 bp, and direct optimization introduced a single gap into the alignment, for an implied alignment length of 659 bp.
To compare the results obtained with direct optimization, we analyzed the data also with static alignment and parsimony methods (Appendix B). While the two resulting equally parsimonious hypotheses of relationships obtained in this approach differed in some ways from that obtained with direct optimization, the major clades resolved and the majority of the relationships were the same regardless of the method of analysis (Appendix B).
Tests of specificity and codivergence were made as rigorous as possible by analyzing bacterial strains isolated from the light organs of the individual specimens used to reconstruct the fish phylogeny (Materials and methods). Parsimony analysis of luminous bacteria, based on two strains per fish specimen and sequences of the recA, gyrB and luxA genes, provided phylogenetic criteria for species identifications, and it resulted in well-supported hypotheses (Fig. 2) . Each resolved clade corresponded to a previously named taxon, Photobacterium kishitanii, Photobacterium leiognathi, Photobacterium mandapamensis and Vibrio fischeri, based on reference to type strains Dunlap, 2004, 2005; Dunlap and Ast, 2005) . No new bacterial lineages were identified. Single-gene phylogenies were mutually congruent.
Newly reported here are the identities of the symbiotic bacteria of several fishes (Table 1) : Vibrio fischeri as the light-organ symbiont of Caelorinchus formosanus and Caelorinchus multispinulosis (Macrouridae); and Photobacterium kishitanii as the symbiont of Opisthoproctus grimaldii and Opisthoproctus soleatus (Opisthoproctidae), Chlorophthalmus acutifrons and Chlorophthalmus nigromarginatus (Chlorophthalmidae), and Caelorinchus denticulatus, Caelorinchus fasciatus, Caelorinchus japonicus, Caelorinchus kishinouyei, Malacocephalus laevis, Ventrifossa garmani and Ventrifossa rhipidodorsalis (Macrouridae). These identifications substantially increase the number of species of bacterially bioluminescent fishes whose light-organ bacteria have been identified using molecular phylogenetic criteria (Dunlap and Kita-Tsukamoto, 2006; Kaeding et al., 2007;  Table 2 ).
These identifications in themselves provide a direct test of the hypothesis of host-symbiont specificity in bioluminescent symbioses (Reichelt et al., 1977; Ruby and Morin, 1978; Hastings and Nealson, 1981; Dunlap and Kita-Tsukamoto, 2006) . Certain bacterial affiliations with these fishes appear consistent at a fish family level, e.g., P. kishitanii as symbiont of the three examined species of chlorophthalmids. Other affiliations contradict a strict family-level bacterial species specificity (Figs 2 and 3; Tables 1 and 2 ). Examples include V. fischeri and P. kishitanii as symbionts of different species of macrourids, and P. mandapamensis and P. kishitanii as symbionts of different species of morids. Furthermore, light organs of some specimens of the acropomatid A. japonicum (and the leiognathid P. panayensis, see below), harbor two different species of bacteria, a situation we call bacterial ''cosymbiosis'' (Kaeding et al., 2007) and that was noted previously for some sepiolid squids (Fidopiastis et al., 1998; Nishiguchi, 2000) . Therefore, our analysis of a wide diversity of fishes from nature, including multiple specimens for Cleidopus gloriamaris + most taxa, does not support strict host family bacterial species specificity in bioluminescent symbiosis. With respect to the hypothesis of host-symbiont codivergence, the lack of strict species specificity suggests that codivergence would not be evident. This view is affirmed by a visual comparison of the fish and bacterial phylogenies, which reveals no obvious topological congruence for the fish and bacterial phylogenies for the majority of associations. In general, the bacterial phylogeny is much less structured than that of the fish, with fewer clades resolved overall. The limited divergence of the bacteria is most distinct for P. kishitanii, which shows only slight divergence among strains that are symbiotic with a phylogenetically diverse group of fishes, e.g., Acropomatidae, Trachichthyidae, Chlorophthalmidae, Moridae and Macrouridae. This point is emphasized by the observation that bacteria indistinguishable phylogenetically or nearly so from each other, for example, ahane.1.1, apros.3.2, cacut.1.1 and calba.3.2, are symbiotic with distantly related fishes. Furthermore, in those cases in which the bacteria show phylogenetic structure, that structure is distinct from the structure of host relationships (Fig. 2) . A lack of congruence is also evident from visual comparison of the bacterial phylogeny with hypotheses for fishes resulting from static alignment and parsimony methods (Appendix B). These results indicate that evolutionary divergence of the bacteria has not tracked that of the host fishes whose light organs the bacteria colonize.
To test the possibility that there is a slightly less parsimonious solution in which the symbiont phylogeny matches the host phylogeny, we manually manipulated the symbiont phylogeny (Materials and methods), constraining it to match the host phylogeny. This change, however, caused the phylogeny to double in length, and it substantially reduced the character statistics (for data, see legend for Fig. 2 ). These results indicate there is not a ''near-most'' parsimonious solution in which the symbiont phylogeny matches the host phylogeny. We also attempted to test for codivergence using reconciled trees analysis (Page, 1994) , as implemented in the program TreeMap (Charleston and Page, 2002) . These efforts were not successful, however; the program, which assumes codivergence and identifies exceptions to it, was Fidopiastis et al. (1998) , Haygood and Distel (1993) , Haygood et al. (1992) , Kaeding et al. (2007) , Nishiguchi (2000) , Wolfe and Haygood (1991) , Wada et al. (2006) , this study, and previously unpublished data of this laboratory. Not listed are the many host species from which light-organ bacteria have been identified only by phenotypic traits (e.g., Reichelt et al., 1977; Ruby and Morin, 1978 ; see also Herring and Morin, 1978) .
Photobacterium mandapamensis is referred to in some publications as Photobacterium leiognathi ssp. mandapamensis Wada et al., 2006) . àIdentified as Doryteuthis kensaki (Fukasawa and Dunlap, 1986) .
not able to handle the large number of taxa and the absence of the general congruence of these data (see Discussion for comments on this issue). In summary, the results of this broad-scale analysis demonstrate that most of the phylogenetic relationships among the bacteria do not reflect the phylogenetic relationships among the fishes. An apparent host-symbiont specificity is seen, however, for the three leiognathid fishes included in this analysis, Gazza minuta, Leiognathus equulus and Secutor megalolepis, and their strains of P. leiognathi (Fig. 2) . Furthermore, the patterns of host and symbiont divergence for these three associations approximate each other, although the extent of divergence is much greater for the fish than for the bacteria. This apparent congruence suggests that leiognathid fishes and their strains of P. leiognathi might have codiverged. Alternatively, the small sample size, three host taxa, could result in congruence simply by chance. To distinguish between these possibilities and determine if leiognathids and their bacteria present a special case of host-symbiont specificity and codivergence among bacterially bioluminescent fishes, we examined several additional species of leiognathids.
Fine-scale analysis: leiognathid fishes and Photobacterium leiognathi
For fine-scale analysis of Leiognathidae, 16 species of leiognathid fishes and their symbiotic light-organ bacteria were tested. For the fish, sequences of two additional genes, the histone H3 and 28S rRNA genes, were available for many species from our earlier work on phylogeny of Leiognathidae (Sparks et al., 2005) , and the sequences of these genes were included in the analysis with the mitochondrial 16S and COI gene sequences. For the bacteria, obtaining strains from the light organs of the specific fish specimens used for phylogenetic analysis was not possible in all cases; however, strains isolated from other specimens of those species, generally collected at the same time and place, were used. Together with gyrB and luxA, sequences of three additional loci, luxB, luxF, and a portion of luxE, were used; the sequences of these genes have diverged in Photobacterium Dunlap, 2004, 2005; Dunlap et al., 2004; Dunlap and Ast, 2005) and therefore provide a strong test of phylogeny.
Direct optimization of the four fish genes (16S, COI, H3 and 28S genes) resulted in a single hypothesis of relationships among leiognathids (Fig. 3) . The relationships resolved were in general agreement with our previous results (Sparks et al., 2005) . Somewhat fewer taxa were used here, however, in that taxa chosen for this analysis were those for which bacterial symbionts are available. We also analyzed these data with static alignment and parsimony methods (Appendix B). Two equally parsimonious hypotheses of relationships were obtained, and each differed in some ways from that obtained with direct optimization. Nonetheless, the major clades resolved and the majority of the relationships were the same regardless of the method of analysis (Appendix B).
Parsimony analysis of the five bacterial genes (gyrB, luxA, luxB, luxF and luxE) resulted in three hypotheses of relationships among the symbionts of these fish species, which differed only in minor details (Fig. 3) . Most species of leiognathids harbor P. leiognathi in their light organs (Fig. 3) . A striking exception is the presence of P. mandapamensis, together with P. leiognathi, in light organs of Photopectoralis panayensis (and Photopectoralis bindus) (Kaeding et al., 2007) , which demonstrates that P. leiognathi is not the exclusive light-organ symbiont of Leiognathidae. The co-symbiosis of P. leiognathi and P. mandapamensis provides additional evidence that strict fish family bacterial species specificity does not characterize bioluminescent symbioses.
With this larger taxon set, the apparent congruence seen for the three leiognathids and their bacteria (Fig. 2) was no longer evident (Fig. 3) . The bacteria were less divergent than their host fishes, and while clade structure was present in P. leiognathi, it did not reflect the clade structure of the host fishes. For example, the symbiotic bacteria of the closely related fishes, Secutor megalolepis and Secutor insidiator, represent different clades, as do the two sampled symbionts of Gazza minuta. These results indicate that the apparent Fig. 3 . Phylogenies of leiognathid fishes and their symbiotic luminous bacteria. Genes analyzed for fish were mitochondrial 16S rRNA and COI genes, and the nuclear histone H3 and 28S rRNA genes. Genes analyzed for bacteria were gyrB, luxA, luxB, luxF (not present in P. leiognathi), and a small part of luxE. The fish data were analyzed with OY (see Materials and methods for settings), which resulted in a single most parsimonious hypothesis (2229 aligned nucleotides, length ¼ 1434, CI ¼ 0.51, RI ¼ 0.478). The data for bacteria (3965 aligned nucleotides total, 592 parsimony informative) were analyzed with a branch and bound search in PAUP, resulting in three equally most parsimonious hypotheses (length ¼ 1004, CI ¼ 0.76, RI ¼ 0.85), one of which is shown here (a strict consensus of the three shows minor rearrangements at some tips and does not change overall topology). Numbers at major nodes are jackknife support values (see Materials and methods). When the symbiont hypothesis was constrained to match the host hypothesis, the length and fit measures worsened (length ¼ 2055, CI ¼ 0.32, RI ¼ 0.21), and were similarly worsened when the node on the host tree with < 50% jackknife support was collapsed (length ¼ 2053, CI ¼ 0.32, RI ¼ 0.22).
topological congruence of leiognathids and their bacteria seen in Fig. 2 results from a limited sample.
Visual comparison of the bacterial phylogeny ( Fig. 3 ) with the phylogenies of leiognathid fishes resulting from static alignment (Appendix B) also reveals no congruence. Furthermore, as was found for the broad-scale analysis, when the leiognathid symbiont phylogeny was constrained to match that of the host, the phylogeny length more than doubled, and the character statistics decreased by more than half (for data, see legend for Fig. 3) . These results indicate for this fine-scale analysis that there is not a ''near-most'' parsimonious solution in which the symbiont phylogeny matches the host phylogeny. As was done with the broad-scale analysis, TreeMap was used to test for codivergence, and as above, the tests were unsuccessful due to failure of the application.
Analysis of sepiolid squid-Vibrio fischeri ''parallel evolution''
The absence of codivergence between fishes and their light-organ symbiotic bacteria described here differs from a report on bacterially luminous squids (Nishiguchi et al., 1998) . In the squid study, congruence was reported for phylogenies of sepiolid squids and their symbiotic strains of V. fischeri and was interpreted as ''parallel evolution'' (Nishiguchi et al., 1998) . To test the conclusions of the squid study, which is cited as evidence of cospeciation and coevolution in bioluminescent symbioses (Thompson, 2005; Jones et al., 2006) , we analyzed results and data from the original study (Nishiguchi et al., 1998) , as well as data on V. fischeri and on sepiolid squids from more recent studies (Nishiguchi and Nair, 2003; Nishiguchi et al., 2004) .
Initially, we applied cophylogeny mapping with TreeMap (Page and Charleston, 1998; Charleston and Page, 2002) to the originally reported symbiont tree (Nishiguchi et al., 1998;  Fig. 1 ; reproduced here as Fig. 4a) , to test the hypothesis of ''parallel evolution''.
With the smaller number of taxa, TreeMap performed effectively (see Appendix C for a list of all jungles and their scores). TreeMap analysis indicated that the original symbiont and squid ITS trees (Fig. 4b) were entirely congruent, with no non-codivergent events required. In contrast, however, few codivergences were seen for the original symbiont tree and the squid COI tree (Nishiguchi et al., 1998 ; Fig. 4c ) or for the squid combined genes tree ; Fig. 4d ). The claim of ''parallel evolution'' therefore holds only for one of the two squid trees from the original analysis (Nishiguchi et al., 1998 ; Fig. 1A) . Otherwise, several non-codivergent events were required to reconcile the trees, and most jungles have low significance values (Appendix C).
A discrepancy exists, however, in the genes used by Nishiguchi et al. (1998) in reconstructing the original symbiont tree. The bacterial sequence referred to in that study as gapA (encoding glyceraldehyde-3-phosphate dehydrogenase) is actually two different genes, epd (encoding erythrose-4-phosphate dehydrogenase), sequenced for the sepiolid squid strains, and gapA, sequenced for the outgroup, a strain of P. leiognathi (Materials and methods). To correct this problem, we reanalyzed the original V. fischeri sequence data (Nishiguchi et al., 1998) , but used the V. logei epd gene sequence as outgroup (Materials and methods). Re-analysis of sequences of the six reported strains of V. fischeri, three from species of Sepiola (SA1, SR5, SI6) and three from species of Euprymna (ES114, EM17, ET101) resulted in a cladogram with a different topology of relationships than reported in the original squid study (Nishiguchi et al., 1998) . Specifically, strain SR5, a symbiont of Sepiola robusta, was resolved, with strong jackknife resampling support, as nested within a clade otherwise consisting of Euprymna symbionts (Fig. 4e) . This result, which shows that bacteria from different host species do not necessarily represent different clades, contradicts strict host-symbiont codivergence and therefore is not consistent with ''parallel evolution''. Fig. 4 . Cophylogeny analysis of sepiolid squids and Vibrio fischeri. Shown are symbiont phylogenies and TreeMap jungles. All strains are V. fischeri except the outgroups Photobacterium leiognathi LN101 and Vibrio logei ATCC 15382. Strain names include information about the host species from which the strain was isolated; e.g., SA1 was isolated from Sepiola affins, etc. Squid names in jungles have been shortened for visual clarity; ''S.'' stands for Sepiola, ''E.'' stands for Euprymna. Symbiont phylogenies appear in lighter lines, and host phylogenies are in heavier lines. Black circles in the symbiont tree (near nodes on the host tree) represent codivergence events (Co), white circles or squares represent duplication events (Du), gray circles represent losses (Lo) from the lineage that the symbiont tree fails to track, and arrows indicate the direction of a host switch (Sw) (always coupled with a duplication in these jungles). See individual representative jungle figures for the numbers of each events. The jungles shown here have the fewest number of non-codivergent events. If jungles were tied for fewest events, the jungle shown is that with the best significance value. Note that the COI tree of Nishiguchi et al. (1998) is not presented as a consensus tree; therefore, the polytomy among Sepiola species was retained for cophylogeny testing. We next used cophylogeny analysis to compare squid host trees with this new symbiont tree. Strict codivergence between host squids and symbiotic V. fischeri strains was not observed for the squid ITS tree (Nishiguchi et al., 1998;  Fig. 4f ), the squid COI tree (Nishiguchi et al., 1998;  Fig. 4g ), or the most recent squid tree Fig. 4h ). In each case, several non-codivergent events, i.e., duplications, losses, or host switches, are needed to make the associate tree match the host tree. Furthermore, most jungles had low significance (i.e., relatively high P-values); that is, the observed host and associate trees did not have significantly more codivergences than did host and random associate trees. In the one case with a low P-value (i.e., more codivergences than expected at random) the squid COI tree and the symbiont tree (Fig. 4g) , the hypothesis requires symbiont duplication and a host switch. These results, like those above, are not consistent with ''parallel evolution''.
We also considered an alternative criterion for testing cophylogeny, the absence of host switching (Appendix C). The initial squid study (Nishiguchi et al., 1998) presented empirical evidence from colonization assays that V. fischeri strains ''native'' to a given species of squid were competitively dominant in colonizing light organs of that squid species compared with strains of V. fischeri from other species of squid (Nishiguchi et al., 1998) . Those results imply that host switching should not occur in the squid-V. fischeri symbiosis. In each TreeMap analysis, a single jungle was returned that did not require host switching, and that allowed us to evaluate cophylogeny in the absence of host switching. Examination of the jungles without host switches, however, revealed that each of them required a high number of other non-codivergent events to reconcile the host and symbiont trees (Appendix C).
Furthermore, a more recent phylogeny has been reported that includes additional symbiont strains of V. fischeri (Nishiguchi and Nair, 2003) . In contrast to the initial study (Nishiguchi et al., 1998) , this newer bacterial phylogeny shows a lack of host family symbiont specificity for squid-symbiotic strains of V. fischeri; i.e., there is no phylogenetic distinction between symbionts of Sepiola and symbionts of Euprymna, and several sepiolid squids (S. affinis, S. intermedia, S. lingulata and S. robusta) were reported to have either V. fischeri or V. logei as light-organ symbionts. While the level of complexity of the reported symbiont phylogenetic hypothesis, especially given the polytomies, renders TreeMap analysis problematic, visual comparison of the symbiont phylogeny with squid trees readily reveals a lack of symbiont-host congruence.
In summary, analysis of results and data for sepiolid squids and V. fischeri refutes the claim of ''parallel evolution'' in the squid-V. fischeri bioluminescent symbioses (Nishiguchi et al., 1998) . Evolutionary divergence of luminous bacteria symbiotic with squid, as shown above for luminous bacteria symbiotic with fishes (Figs 2 and 3) , apparently is independent of evolutionary divergence of the host animals whose light organs these bacteria colonize.
Discussion
Obligate associations of endosymbiotic, intracellular bacteria with animals (e.g., Baumann et al., 1995; Hosokawa et al., 2006) provide paradigm examples of host-symbiont specificity and codivergence. The host animal's elaboration of tissues for culturing the bacteria, mechanisms for maternal transfer of the symbiont to the next generation of host, and genome reduction in the symbiont presumably reflect host-symbiont coevolutionary interactions. Here, we have examined the historical context of specificity and codivergence of bioluminescent mutualisms between luminous fishes and their light-organ symbiotic bacteria. We sought evidence that symbiotic associations between animals and extracellular, facultatively symbiotic, environmentally acquired bacteria also might exhibit a specificity and codivergence consistent with coevolutionary interactions. Bacterial symbionts from a taxonomically extensive sampling of bioluminescent associations were isolated and identified phylogenetically to test the hypothesis that these associations exhibit strict host family bacterial species specificity. The results of both a broad-scale analysis, using a wide diversity of fishes, and a fine-scale analysis focused on a single host family, Leiognathidae, contradicted a strict host-symbiont specificity and revealed no evidence for codivergence.
Robust clade structure was evident for the fish and the bacteria in the broad-scale analysis, but host and symbiont phylogenies did not exhibit topological congruence (Fig. 2 ). An apparent exception was the matchup of three leiognathid species and their strains of P. leiognathi, which was tested further with a fine-scale analysis of a larger number of leiognathid associations, 16 species. With the larger number of taxa, leiognathid and P. leiognathi phylogenies were no longer congruent; clade structure is evident in the bacteria, but again, even in this single host family analysis, it does not reflect clade structure of the fish (Fig. 3) . Furthermore, analysis of results and data from sepiolid squid-V. fischeri associations revealed no convincing evidence of codivergence. Therefore, the evolutionary divergence of luminous bacteria apparently is independent of that of the host fishes and squids whose light organs they colonize. These results indicate that bioluminescent symbioses represent a class of symbiosis that is entirely different from obligate endosymbiotic associations. The lack of strict specificity and codivergence in bioluminescent symbioses, together with their general biological features of bacterial extracellularity and symbiont acquisition from the environment suggest that this class of symbiosis is not likely to involve host-symbiont coevolutionary interactions.
Visual inspection of the tanglegrams generated by linking hosts and their individual symbionts (Figs 2 and 3) provides strong evidence for the lack of specificity and codivergence between luminous bacteria and their fish hosts. Attempts to analyze codivergence between fish and their light-organ bacteria using the reconciled trees method of Page (1994) , as implemented with TreeMap (Charleston and Page, 2002) , were not successful; TreeMap was not able process the large number of taxa and lack of general congruence of our fish and bacteria data. A particular problem for mapping methods apparently is the computational complexity inherent to analysis of a single symbiont infecting multiple hosts, a problem that is exacerbated by the large number of taxa and the lack of general congruence between host and symbiont phylogenies (Jackson, 2004; Charleston and Perkins, 2006) . TreeMap was effective, however, with the smaller number of taxa in the analysis of sepiolid squid and V. fischeri ( Fig. 4 ; Appendix C).
The lack of congruence between the phylogenies of leiognathid fishes and their symbiotic bacteria is consistent with results of an earlier study in which the question of a specific relationship between host and symbiont was examined from the perspective of genomic polymorphism in the symbiotic strains of each fish. Multiple strains of P. leiognathi were isolated from the light organ of each of several species of the fish and from multiple specimens of many of the examined species; no correlation was seen between the different strains, distinguished genomotypically by DNA fingerprinting, and the species of leiognathid fish from which they were isolated . This host species-independent genomotypic polymorphism of P. leiognathi suggested that evolutionary divergence of the bacteria is independent of that of the fishes, a finding confirmed here through phylogenetic analysis demonstrating the absence of codivergence.
The results presented here on fishes differ from those of a previous report on bacterially luminous squids in which an apparent congruence of the phylogenies of sepiolid squids and their symbiotic strains of V. fischeri was interpreted as evidence of ''parallel evolution'' (Nishiguchi et al., 1998) . Our analysis of the results of that study and of data reported for squids and for luminous bacteria (Nishiguchi et al., 1998 Nishiguchi and Nair, 2003) , however, revealed no convincing evidence of codivergence. We therefore conclude that ''parallel evolution'' does not characterize bioluminescent symbiosis between squids and luminous bacteria.
The absence of codivergence and strict host-family bacterial species specificity is not surprising given the general features of bioluminescent symbioses. In the majority of these associations, the bacteria are not obligately symbiotic; they colonize a variety of other marine habitats, including intestinal tracts, skin, and body fluids of marine animals, sediment and seawater, as typical members of commensal, saprophytic, pathogenic and free-living bacterial communities made up of many non-luminous, non-symbiotic bacteria (Baumann and Baumann, 1981; Hastings and Nealson, 1981; Dunlap and Kita-Tsukamoto, 2006) . Possible exceptions to this lack of dependence might be the bioluminescent symbioses between unidentified luminous bacteria and anomalopid and certain ceratioid fishes; the bacteria in these associations have not been cultured under laboratory conditions and therefore might be obligately symbiotic (Hastings and Nealson, 1981; Haygood and Distel, 1993; Haygood, 1993; Dunlap and Kita-Tsukamoto, 2006) . Phylogenetic analysis of three species of anomalopid fishes and their bacteria revealed, however, that the host and symbiont phylogenies are not congruent (Haygood, 1993) . Consistent with the lack of exclusive dependence on the host, the bacteria colonizing light organs are acquired from the environment by the members of each new generation of the host (Wei and Young, 1989; McFall-Ngai and Ruby, 1991; Wada et al., 1999) . This attribute means that light organs of different specimens of a given animal species could be colonized by different bacteria. Evidence confirming this possibility is reported recently for fishes (Kaeding et al., 2007) and was reported previously for squid (Fidopiastis et al., 1998; Nishiguchi, 2000) , with two species of bacteria colonizing the same light organ (i.e., bacterial cosymbiosis), as well as by the finding here that different members of a given family of fishes harbor different species of luminous bacteria in their light organs. Furthermore, the animal requires no obvious biochemical or nutritional contribution from the bacteria for its growth or development, and the developmental program giving rise to the light organ and accessory tissues runs independently of the presence of the host's native bacteria (Claes and Dunlap, 2000) . This ''hard-wiring'' of light-organ development indicates a significant biological independence of the animal from bacteria, native or otherwise, in formation of the attribute of the animal most central to symbiosis, the light organ and its accessory tissues. These general attributes make it difficult to envision the selection necessary for strict species specificity or codivergence to arise, as well as for the obligate dependence necessary to facilitate and select for coevolutionary changes.
It is evident from the results presented here that bacterial affiliations in bioluminescent symbioses are less specific than previously thought (e.g., Reichelt et al., 1977; Ruby and Morin, 1978; Hastings and Nealson, 1981; Dunlap and Kita-Tsukamoto, 2006) . The instances reported here of different species within a host family harboring different species of light-organ bacteria (Figs 2 and 3) , and instances of bacterial cosymbiosis (Fidopiastis et al., 1998; Nishiguchi, 2000; Kaeding et al., 2007; Figs 2 and 3) , together with the lack of evidence for codivergence, led us to re-examine the extent to which a host family bacterial species specificity actually characterizes bioluminescent symbioses. To do so, we extended the sampling in this study and combined this additional information with data from the published literature, to more fully define the host species ranges of luminous bacteria. Because bacterial species identifications based solely on comparisons of phenotypic traits may be inaccurate Dunlap, 2004, 2005; Dunlap and Ast, 2005) , we included data only for those bacteria whose identifications were determined or confirmed by DNA-sequence criteria.
The assembled information (Table 2) revealed several instances in which host-symbiont affiliations cross taxonomic lines, either for the symbiotic bacteria or for the host animals. For example, many different kinds of fishes harbor a single species of bacteria, P. kishitanii, as noted above (Fig. 2) . To further test the host range of P. kishitanii, we included here bacteria isolated from the light organs of opisthoproctids (Argentiniformes) from the Atlantic Ocean (Haygood et al., 1992; Haygood, 1993; M. Haygood, pers. comm.) and from light organs of additional species of chlorophthalmid and macrourid fishes from the Indian Ocean (Vydryakova et al., 1995; G. Vydryakova, pers. comm.) . These bacteria were identified here as P. kishitanii based on the sequence of gyrB and other genes. Together with the light-organ symbionts of opisthoproctids, those of the chlorophthalmid fishes, Chlorophthalmus acutifrons and C. nigromarginatus, and the macrourid fishes, Caelorinchus denticulatus, C. fasciatus, C. japonicus, C. kishinouyei, Malacocephalus laevis, Ventrifossa garmani and V. rhipidodorsalis, are newly reported here as members of P. kishitanii. The exceptionally wide host range of P. kishitanii, while not explicitly contradicting host family bacterial species specificity, is not consistent with the hypothesis of codivergence of fish and bacterium, which implies that different bacterial species would be symbiotic with different fish. The only obvious connection among the symbiotic hosts of P. kishitanii is a deep, cold habitat. Contrasting this pattern is the presence of V. fischeri in two species of macrourid, C. formosanus and C. multispinulosus, which we confirmed by analysis of the bacterial symbionts of a second fish specimen in each case. The specimens of C. multispinulosus were collected from waters of intermediate depth, 100-300 m. Preliminary observations indicate that V. fischeri is present, together with P. kishitanii, also in light organs of some specimens of the morid fish, Physiculus japonicus (Table 2) , a species that migrates between shallow and deep waters. Other examples of host ranges that encompass distantly related hosts are seen for P. leiognathi and V. fischeri, each of which is symbiotic with both fishes and squids (Table 2) . Further emphasizing the fact that host phylogeny does not correlate consistently with the species of bacterial symbiont, we have found an example of the same symbiont strain type, identical at the DNA sequence level for the various genes examined and at the DNA fingerprint level, in symbiosis with the beryciform fish, Monocentris japonicus, and the sepiolid squid, Euprymna morsei (P.V. Dunlap, J.C. Ast and M.M. Pearce, personal observation). The only obvious connection between these two host animals is collection location; they were both collected from shallow, coastal waters of Honshu, Japan, in the same local vicinity. Furthermore, numerous examples of cosymbiosis are listed, for acropomatid, leiognathid and morid fishes (Table 2 ) and for sepiolid squid (Fidopiastis et al., 1998; Nishiguchi, 2000) . The inability of the host under natural conditions to discriminate between bacteria that are phylogenetically distinct directly contradicts strict host family bacterial species specificity.
Phylogenetic differences among bacterially bioluminescent fishes (Fig. 2) and the substantial differences in morphology and anatomical location of fish light organs (Herring and Morin, 1978) indicate that bioluminescent symbioses may have arisen independently in fishes multiple times (Haygood, 1993) . To test this inference and better reveal the relationships of bacterially luminous fishes to other fishes, we examined here the COI gene sequences of a wide variety of fish species (Appendix D). The results of this analysis demonstrate that fishes bearing light organs colonized by luminous bacteria do not form a monophyletic group (Appendix D); bioluminescent symbioses evolved independently multiple times. Luminous bacterial symbionts therefore presumably have had the time, opportunity and potential selective pressures for divergence in concert with their host fishes. However, the patterns of symbionthost affiliation evident in nature (Fig. 2, Table 2 ), which reveal that fish family bacterial species specificity is often contradicted, indicate that fishes and symbiotic luminous bacteria have not evolved together in a way that correlates with phylogeny.
What then accounts for the patterns of symbiont-host taxonomic affiliation observed in nature? A meaningful explanation for these patterns must take into account the phylogenetic diversity of hosts harboring the same symbiont species (Fig. 2) , the lack of strict bacterial specificity for a host clade (Table 2) , the frequent occurrence of cosymbiosis (Table 2) , as well as the likelihood of host switching (Fig. 4) and known physiological differences among luminous bacteria (Nealson, 1979; Hastings et al., 1987) . We propose that environmental congruence of host and symbiont dictates to a large extent which symbiont species colonize a host animal. According to this hypothesis, the environmental location (i.e., geographic location and depth) where the aposymbiotic juvenile hosts hatch from the egg and are first exposed to ambient seawater, allowing their nascent light organs to become colonized by bacteria, is a critical factor. Environmental temperature, related to geographic location and depth, through its influence over the depths and geographic ranges of host animals, and its influence over the incidence and relative densities of potential symbionts in those waters at that time, therefore is likely to play a major role in defining the patterns of host-symbiont affiliation (Hastings and Nealson, 1981; Ast and Dunlap, 2005) . Unfortunately, little is known about the reproductive and larval biology of coastal and bentho-pelagic fishes that would bear on the questions of where and when these fishes acquire their luminous symbionts or about the kinds and numbers of bacteria present in those waters at those times. Some experimental evidence (Fidopiastis et al., 1998; Nishiguchi, 2000) , however, can be interpreted as supporting the environmental congruence hypothesis.
The geographic locations and depths at which the fishes and squid and their symbiotic bacteria (Table 2) typically occur also generally support the environmental congruence hypothesis (see Hastings and Nealson, 1981) . Coastal shallow-dwelling (0-150 m) animals in temperate and tropical regions include the loliginid and sepiolid squids and the leiognathid and monocentrid fishes. These host animals typically harbor P. leiognathi or V. fischeri, which are relatively mesophilic bacteria. Sepiolid squids captured in deeper waters also harbor V. logei, a somewhat more psychrotrophic bacterium than V. fischeri (Fidopiastis et al., 1998; Nishiguchi, 2000) . Deep (> 250 m), cold dwelling fishes (Froese and Pauly, 2004) typically harbor P. kishitanii, which is a more pyschrotrophic bacterium than the other species listed here. Fishes collected at intermediate depths, 100-300 m, harbor V. fischeri in the case of C. multispinulosis, or P. mandapamensis in the case of A. japonicum and P. panayensis. In at least two cases, however, the apparent depth ⁄ temperature relationship does not appear to hold up; G. jordani is recorded as a deep dwelling fish (Froese and Pauly, 2004) , but it harbors P. mandapamensis, as does the shallow dwelling apogonid fish, Siphamia versicolor (Table 2) . A possible explanation for this discrepancy is that the adult animal might occur and be captured in locations and at depths very different from where the aposymbiotic juveniles of that fish acquired their luminous symbionts. The pattern noted here and previously (Hastings and Nealson, 1981) between depth and the species of symbiont harbored by an adult host fish therefore may not correlate perfectly with the observed host range of a symbiont (Table 2) , although it is strongly supported by data from nature and has substantial value for predicting the species of symbiont a fish or squid might harbor in its light organ, based on the location and depth from which the animal was captured.
It is important to note that the environmental congruence hypothesis includes the observation that non-luminous bacteria apparently do not establish themselves in fish and squid light organs. A level of selection is likely to be involved, but with the commonality among the colonizing (i.e., selected) bacteria apparently being luminescence, regardless of species, as intimated several years ago by Reichelt et al. (1977) . Selection against non-luminous bacteria would exclude the majority of bacteria from taking up residence in the fish's nascent light organ; the successful colonizers are likely to be those species of luminous bacteria that are locally abundant and physiologically adapted to conditions where the fish or squid eggs hatch out as aposymbiotic juveniles. Furthermore, environmental congruence does not exclude the possibility of a geographically isolated host species developing a more exclusive interaction with one kind of luminous bacterium. This postulated greater exclusivity could arise, for example, through genetic drift in a geographically isolated host species that is interacting with a limited diversity of potential symbionts.
The evolutionary (genetic) adaptations for bioluminescent symbiosis, i.e., presence of light organs that can be colonized by luminous bacteria, accessory tissues for controlling, diffusing and shaping the emission of light, and behaviors associated with light emission, all are borne by the animal. Are there genetic adaptations in the bacteria that are necessary for and specific to their existence in light organs compared with the other habitats they colonize? None so far have been identified or inferred. In the absence of compelling evidence of such specific adaptations, a view more parsimonious than coevolution is that light-organ symbiotic bacteria are opportunistic colonizers, able to persist in animal light organs as well as in a variety of other habitats to which they are adapted. Bioluminescent symbioses therefore appear to represent a paradigm of symbiosis that differs fundamentally from associations involving obligate, intracellular, maternally transferred endosymbionts. While fishes and squids are dependent ecologically on luminous bacteria, the bacteria are not obligately dependent on their bioluminescent hosts. Bioluminescent symbioses therefore appear to be shaped by selection in the animal for light emission, with the species of luminous bacteria occurring as light-organ symbiont of a given species of fish or squid determined in large part by environmental distributions of the different species of luminous bacteria. 
*D-XXXX numbers are specimen tag numbers. Different specimen, but from same species and collection event as specimen used for bacterial isolation. àDifferent specimen and different collection event, but same species and collection location as specimen used for bacterial isolation.
§Same species, but different specimen, collection event, and location from specimen used for bacterial isolation. Appendix B: Parsimony analysis of statically aligned fish sequence data
Fish sequence data used in direct optimization analysis were analyzed here with static alignment and parsimony. For the broad-scale analysis, the data were aligned by eye for the 16S rRNA gene, which resulted in an aligned length of 616 bp, and by inferred amino acid sequence for mitochondrial COI, which resulted in an aligned length of 658 bp. Gaps were treated as missing data, and the several regions of the 16S rRNA gene Fig. 5 . Static alignment analysis of sequence data for the broad-scale fish analysis. Shown here are the two equally most parsimonious hypotheses of host fish relationships resulting from parsimony analysis of the mitochondrial 16S rRNA and COI genes. Regions difficult to align were excluded, and gaps were treated as missing data (386 informative characters, length ¼ 1725, CI ¼ 0.39, RI ¼ 0.57). Jackknife percentages are at nodes. Statistics for the phylogeny of the symbionts of these fish are: length ¼ 1757, CI ¼ 0.71, RI ¼ 0.94 (Fig. 2) ; when the symbiont phylogeny was constrained to match these phylogenies, the statistics of the symbiont phylogeny are: (a) length ¼ 3891, CI ¼ 0.32, RI ¼ 0.69; (b) length ¼ 3880, CI ¼ 0.32, RI ¼ 0.69. Fig. 6 . Static alignment analysis of sequence data for the fine-scale (leiognathid) fish analysis. Shown here are the two equally most parsimonious hypotheses of leiognathid fish relationships resulting from parsimony analysis of the mitochondrial 16S rRNA, mitochondrial COI, nuclear histone H3, and nuclear 28S rRNA genes (324 informative characters, length ¼ 1270, CI ¼ 0.45, RI ¼ 0.47). Gaps were treated as missing data, and regions difficult to align in the 16S and 28S rRNA genes were excluded. Jackknife percentages are at nodes. Statistics for the phylogeny of the symbionts of these fish are: length ¼ 1004, CI ¼ 0.76, RI ¼ 0.85 (Fig. 3) ; when the symbiont phylogeny was constrained to match these phylogenies, the statistics of the symbiont phylogeny are: (a) length ¼ 2054, CI ¼ 0.37, RI ¼ 0.22; (b) length ¼ 2053, CI ¼ 0.37, RI ¼ 0.22. difficult to align were excluded from the analysis. Parsimony analysis (see Materials and methods for details) of the resulting 386 informative characters in the combined data set resulted in two equally most parsimonious hypotheses, both of which are presented here (Fig. 5a,b) . These hypotheses differ somewhat from the direct optimization hypothesis, but the major clades resolved and the majority of the relationships were the same. Constraining the symbiont hypothesis to match either of these two hypotheses resulted in tree lengths that are more than twice as long as the most parsimonious symbiont trees, as did constraining the symbiont trees to match the direct optimization results (see Results for comparison). For the fine-scale analysis, the 16S and 28S rRNA gene fragments were aligned by eye, and the protein coding genes for COI and histone H3 were aligned by inferred amino acid sequence. The manually aligned lengths of the fragments were 573 bp (16S rRNA gene), 632 bp (COI gene), 333 bp (histone H3 gene), and 679 bp (28S rRNA gene). Gaps were treated as missing data, and several regions of the 16S and 28S rRNA genes were excluded from analysis because of alignment difficulties. Parsimony analysis (see Materials and methods for details) of the 324 informative characters in the combined data set resulted in two equally most parsimonious hypotheses, both of which are presented here (Fig. 6a,b) ; each differed somewhat from the hypotheses favored by direct optimization analysis, but the major clades resolved and the majority of the relationships were the same. Constraining the symbiont trees to match the fish trees resulted in tree lengths more than twice that of the most parsimonious symbiont trees, with lowered statistics of character fit to trees; these results are similar to the direct optimization results (see Results for comparison). Nishiguchi et al. (1998) reconciled with host squid COI phylogeny; (c) reported symbiont phylogeny of Nishiguchi et al. (1998) reconciled with host squid phylogeny of Nishiguchi et al. (2004) ; (d) reanalyzed symbiont phylogeny reconciled with host squid squid ITS phylogeny of Nishiguchi et al. (1998) ; (e) reanalyzed symbiont phylogeny reconciled with host squid squid COI phylogeny of Nishiguchi et al. (1998) ; (f) reanalyzed symbiont phylogeny reconciled with host squid squid phylogeny of Nishiguchi et al. (2004) . Host trees are in heavy lines, and associate trees are in light lines. Black circles represent codivergent events (Co), white circles or squares represent duplications (Du), and gray circles represent loss (Lo) . 
